TlCuCl 3 is a coupled spin dimer system, which has a singlet ground state with an excitation gap of ∆/gµ B = 5.5 T. Recently, considerable attention has been paid to the quantum spin system with a gapped ground state. Such a spin gap system exhibits no magnetic ordering down to a zero temperature. Most gapped ground states arise from the dimerization of spins that are localized in magnetic ions. Hence, when nonmagnetic ions are substituted for magnetic ions, unpaired spins are produced, and staggered moments are induced around these unpaired spins. Unpaired spins can interact through effective exchange interactions that are mediated by spin dimers in between. 1-3 Three-dimensional (3D) magnetic ordering can occur due to effective exchange interactions. Such impurity-induced magnetic ordering is observed in many spin gap systems. [4] [5] [6] [7] This study is concerned with impurity-and field-induced magnetic orderings in the doped spin gap system TlCu 1−x Mg x Cl 3 . The parent compound TlCuCl 3 is a coupled spin dimer system, which has a singlet ground state with an excitation gap of ∆/k B = 7.5 K. [8] [9] [10] The small gap compared with the intradimer exchange interaction J/k B = 65.9 K is ascribed to *
strong interdimer exchange interactions. 11, 12 In a magnetic field, the gap is suppressed and closes completely at the critical field (g/2)H c = ∆/gµ B = 5.5 T. For H > H c , TlCuCl 3 undergoes magnetic ordering due to interdimer interactions. 9 Field-induced magnetic ordering in TlCuCl 3 has been extensively studied by various techniques including neutron scattering. 10, 13 The results obtained can be described as a result of the Bose-Einstein condensation of spin triplets (magnons). 14, 15 From a magnetization measurement and a neutron scattering experiment, it was found that TlCu 1−x Mg x Cl 3 with x ≤ 0.03 exhibits impurity-induced magnetic ordering. 16, 17 The spin structure of the impurity-induced phase is the same as that of the field-induced magnetic ordered phase for H b in the parent compound TlCuCl 3 . The easy axis lies in the (0, 1, 0) plane at an angle of 13 • from the [2, 0, 1] direction to the a-axis. Spin flop transition was observed at H sf ≈ 0.3 T, which is almost independent of x. Triplet excitation with a finite gap, which can be interpreted as excitation from intact dimers, was also observed. 17 With decreasing temperature, the gap increases below T N in proportion to the order parameter.
Mikeska et al. 18 argued that the small staggered magnetic ordering induced in intact dimers gives rise to the enhancement in triplet gap.
Since the triplet gap still remains in TlCu 1−x Mg x Cl 3 , we can expect the occurrence of fieldinduced magnetic ordering. Although there are many theoretical and experimental studies of impurity-induced magnetic ordering in doped spin gap systems, the study of field-induced magnetic ordering in doped spin gap systems is limited. The relationship between impurityand field-induced ordered phases has not been sufficiently understood. To investigate a magnetic phase diagram for temperature vs magnetic field in TlCu 1−x Mg x Cl 3 , we carried out a specific heat measurement and a neutron scattering experiment in magnetic fields.
Before preparing the doped TlCu 1−x Mg x Cl 3 crystals, we prepared single crystals of TlCuCl 3 and TlMgCl 3 . Mixing TlCuCl 3 and TlMgCl 3 in a ratio of (1 − x) : x, we prepared TlCu 1−x Mg x Cl 3 by the vertical Bridgman method. We obtained single crystals of ∼ 0.5 cm 3 .
The magnesium concentration x was analyzed by inductively coupled plasma−optical emission spectroscopy (ICP−OES) after the measurements. In the present study, we use samples for with x = 0.0088 and 0.015. The TlCu 1−x Mg x Cl 3 crystal is cleaved easily parallel to the planes (0, 1, 0) and (1, 0,2). 
, where C(H) is the specific heat for TlCu 1−x Mg x Cl 3 in a magnetic field H and C 0 is the specific heat for TlCuCl 3 at H = 0.
Arrows denote Néel temperatures.
T N is almost independent of temperature. However, for H > 3 T, T N increases rapidly. A similar field dependence of T N was also observed for H ⊥ (1, 0,2) and H [2, 0, 1]. Figure   2 shows a summary of the data of T N obtained at various magnetic fields for x = 0.088
use g = 2.06, 2.23 and 2.06 for H b, H ⊥ (1, 0,2) and H [2, 0, 1], respectively, which were determined for TlCuCl 3 by ESR. 9 We see that phase boundaries for these different field directions almost coincide. This fact indicates that the phase boundary is independent of the external field direction, when normalized by the g-factor, and that the anisotropy of the exchange interaction is negligible except in the low-field region (H < 0.5 T) including the spin flop field H sf ≈ 0.3 T. With increasing external field, the ordering temperature T N increases rapidly above (g/2)H ≃ 3 T. This field of (g/2)H ∼ 3 T is considerably smaller than the gap field (g/2)H c ∼ 8 T corresponding to the triplet gap, which is estimated from the triplet gaps in TlCuCl 3 and TlCu 1−x Mg x Cl 3 with x ≈ 0.03. 17 Since the triplet gap for intact dimers is enhanced with increasing doping rate x, the rapid increase in T N for H > 3 T does not arise from the closing of the triplet gap for intact dimers. The effective exchange interaction J eff between unpaired spins increases exponentially with decreasing triplet gap for intact dimers, 1, 2 which leads to an enhancement in ordering temperature. Thus, the rapid increase in T N for H > 3 T should be attributed to the enhancement in J eff due to the shrinkage of the triplet gap induced by the applied field.
A notable feature of the magnetic phase diagram is that there is no boundary separating impurity-and field-induced antiferromagnetic phases, i.e., these two phases are contiguous.
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The gapped ground state that exists below (g/2)H c = 5.4 T in pure TlCuCl 3 is completely wiped out by the small amount of nonmagnetic impurities. The magnetic phase diagram for TlCu 1−x Mg x Cl 3 is different from that of the doped Haldane system Pb(
in which impurity-and field-induced ordered phases are separated by a gapped disordered phase.
If the impurity-and field-induced ordered phases are identical, then the order parameters should be the same. Therefore, we can expect that the sublattice magnetization corresponding to the order parameter exhibits unusual field and temperature dependences. Then, we belongs to the space group P 2 1 /c, nuclear peaks are expected only at Q = (h, 0, l) with an even l. However, as shown in Fig. 3 , weak nuclear peaks are observed for an odd l. Since no structural phase transition was observed in TlCu 1−x Mg x Cl 3 through magnetization and specific heat measurements, we infer that the nuclear peaks observed at Q = (h, 0, l) with an odd l are due to the local disturbance of the lattice caused by Mg 2+ doping.
As shown in Fig. 3 , magnetic Bragg intensity decreases slightly with increasing external field up to 4 T. For H ≥ 6 T, the intensity increases rapidly. We investigated the field dependence of magnetic Bragg intensity in detail. Figure 4 shows the intensity vs magnetic field plots for Q = (1, 0,3) and (0, 0, 1) magnetic peaks. Nuclear Bragg intensities and background are subtracted. With increasing external field, the intensities of both magnetic peaks have a minimum at H ∼ 3.5 T and increase rapidly. However, no anomaly indicative of fieldinduced phase transition is observed. This result confirms that there is no boundary separating impurity-and field-induced ordered phases. Since Bragg peak intensities for both Q = (1, 0,3) and (0, 0, 1) exhibit similar field dependences, these field dependences are attributed not to the change in spin direction, but to the change in the magnitude of the ordered moment. The present result indicates that impurity-and field-induced ordered phases in TlCu 1−x Mg x Cl 3 are the same, and that the order parameter has a minimum at H ≃ 3.5 T. Inset shows the temperature dependence of the magnetic peak intensity for Q = (1, 0,3), where temperature independent background is subtracted. 18 In the present system, the interdimer interaction is fairly large so that the triplet gap for intact dimers closes in a magnetic field before unpaired spins are fully polarized. For this reason, the impurity-and field-induced ordered states merge.
According to the mean-field theory by Mikeska et al, 18 (ZJ ′ /J) c increases with decreasing impurity concentration x, and approaches unity for x → 0. However, it is also considered that for small x, there is a finite critical value (ZJ ′ /J) c being smaller than unity, because field-induced phenomena at T = 0 should be determined by the local interactions between unpaired spin and induced moments around the unpaired spin that are independent of x for x → 0. Thus, it is interesting to investigate whether field-induced disordered state is realized in TlCu 1−x Mg x Cl 3 with further decreasing x. 
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In conclusion, we have performed specific heat measurements and neutron elastic scattering experiments on the doped spin gap system TlCu 1−x Mg x Cl 3 with x ∼ 0.01 in magnetic fields to investigate the relation between impurity-and field-induced ordered phases. Welldefined phase transitions were observed. It was found that the impurity-and field-induced ordered phases are contiguous, i.e., these two phases are the same. The gapped spin liquid state observed in pure TlCuCl 3 is completely wiped out by the small amount of doping. This is because the interdimer exchange interaction J ′ is so strong in TlCu 1−x Mg x Cl 3 that the triplet gap in intact dimers closes before unpaired spins near impurities are fully polarized by the external field. From the neutron scattering result, we found that the magnitude of the ordered moment has a minimum at H ≃ 3.5 T. It is considered that this unique behavior of the order parameter results from the competition between magnetic ordering and spin gap, the latter of which acts to separate impurity-and field-induced phases.
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